Background. Because of its wide spectrum of clinical manifestations and its well-defined immunological complications, leprosy is a useful disease for studying genetic regulation of the host response to infection. We hypothesized that polymorphisms in the nucleotide-binding oligomerization domain containing 2 (NOD2) gene, for a cytosolic receptor known to detect mycobacteria, are associated with susceptibility to leprosy and its clinical outcomes.
levels of tumor necrosis factor a and immune-complex-associated vasculitis, panniculitis, and uveitis. ENL and reversal reactions may manifest during antimicrobial treatment, but often they occur before or even years after treatment. The host factors that control the clinical disease course of leprosy remain only partially understood. We hypothesize that common genetic variations in innate immune receptors influence the immune responses and diverse clinical phenotypes in patients with leprosy.
Many studies suggest that human genetic factors influence the acquisition of leprosy as well as the clinical course and type of disease. The first studies that suggested genetic influence demonstrated that monozygotic twins have a 3-fold greater similarity in type of leprosy than do dizygotic twins [4] . Linkage studies have identified the Parkinson disease (autosomal recessive, juvenile) 2, parkin (PARK2) and PARK2 co-regulated (PACRG) genes as well as chromosomal regions 10p13 and 20q12 as leprosy susceptibility loci [5, 6] . Candidate gene studies have identified polymorphisms in several immune genes associated with susceptibility to leprosy, including those for vitamin D receptor, lymphotoxin a, tumor necrosis factor a, and interleukin 10; the HLA genes; and transporter 2, adenosine triphosphate-binding cassette, subfamily B (MDR/TAP; TAP2) [7] [8] [9] . Because the spectrum of macrophage intracellular replication can be multibacillary in lepromatous disease and paucibacillary in tuberculoid disease [10] , focus has turned to gene studies of the innate immune system. To date, studies of candidate genes in this group have focused on genes for pathogen receptors located on the cell surface and on intracellular organelles, and Toll-like receptor 1 (TLR1) [11] , Toll-like receptor 4 (TLR4) [12] , and mannose-binding lectin (protein C) 2, soluble (opsonic defect; MBL2) [13, 14] have been identified as important in leprosy disease susceptibility. In addition, we recently identified polymorphisms in Toll-like receptor 2 (TLR2) and TLR1 that are associated with susceptibility to reversal reaction [15, 16] .
In addition to including receptors such as Toll-like receptors that locate on the cell surface and within phagosomes, the innate immune system also includes cytosolic receptors to detect intracellular pathogens. Nucleotide-binding oligomerization domain-like receptors are a diverse set of 22 innate immune receptors that are involved in cytoplasmic detection of microbes and activation of inflammatory cascades [17, 18] . The association of genetic variations in nucleotide-binding oligomerization domain-like receptors and cytosolic receptors with infectious disease susceptibility is poorly understood. Because of the ability of M. leprae to replicate intracellularly, we hypothesized that cytoplasmic receptors may also play an important role in pathogen detection and may be associated with the varied clinical forms of disease. Although the predominant site of M. leprae replication is within the vacuole, there is some evidence that egress of Mycobacteria [19] and/or mycobacterial cell wall lipids and other bacillary components into the cytosol may also occur [20] via a conserved secretion system (ESX-1)-dependent process to activate the inflammasome [21, 22] . The nucleotide-binding oligomerization domain containing 2 (NOD2; caspase activation recruitment domain 15 [CARD15]) gene contains leucine-rich repeats linked to effector domains (caspase activation recruitment domains) and activates NF-kB nuclear translocation through activation of receptor-interacting serine-threonine kinase 2. NOD2 detects the cell wall building block muramyl dipeptide and plays a role in the immune response to many pathogens [23] .
Human variants of NOD2 have been detected in Crohn disease [24, 25] , a chronic granulomatous disorder of the gut that appears to be similar to Johnne disease, a granulomatous disorder in cows caused by Mycobacterium avium subspecies paratuberculosis. The association between Crohn disease and mycobacterial infection, however, remains controversial [26, 27] . A number of studies have implicated NOD2 directly in mycobacterial disease. Nonsynonomous variants of NOD2 were more frequent in patients with active tuberculosis in a cohort of patients from Houston [28] . In addition, human and murine macrophages detect M. tuberculosis and M. avium subsp paratuberculosis in a NOD2-dependent manner [29, 30] . NOD2 also influences tuberculosis disease course in the mouse model of infection [31, 32] . The function of NOD2, however, in M. leprae infection has not been addressed, to our knowledge. In this study, we sought evidence for allelic and genotypic association of NOD2 genetic variants with leprosy reactive states and susceptibility to leprosy. other (122 [11.8%]), with 3 of the participants having unrecorded ethnicity [16] .
Determination of single-nucleotide polymorphism (SNP) for genotypic analysis. We identified haplotype tagging SNPs from the Han Chinese (CHB) and European (CEU) ancestry populations in the International HapMap Project database (http://www.hapmap.org). The genomic region adjacent to NOD2 (16q12) also contains the genes for familial cylindromatosis (turban tumor syndrome; CYLD) and selectin ligand interactor cytoplasmic 1 (SLIC1; sorting nexin 20 [SNX20]). We searched a region on chromosome 16q12 from 50 kilobases upstream to 50 kilobases downstream of genes NOD2 and CYLD for tagged SNPs, using an R 2 cutoff of 0.8 for linkage disequilibrium and a minor allele frequency cutoff of 10%. Also added were nonsynonomous SNPs found in these 2 populations at frequencies of 15%. Using this search technique, we identified 32 unique SNPs to analyze in this region ( Figure 1 ). Molecular biology. DNA was obtained from whole blood by means of Nucleon BACC2 genomic DNA (Amersham Lifesciences) and High-Pure polymerase chain reaction template preparation extraction kits (Roche) as described elsewhere [16] . DNA was genotyped using a chip-based Maldi-Tof MassARRAY technique (Sequenom) as described elsewhere [16] . Briefly, Spectro-DESIGNER software (version 3.1.2; Sequenom) was used to determine the probes to be used for multiplex SNP assays; 5 ng of DNA was amplified in a 384-well plate, following the manufacturer's specifications. Shrimp alkaline phosphatase was added after the polymerase chain reaction to prevent further incorporation of unused deoxyribonucleotide triphosphates that might interfere with the primer extension step. Next, allelic discrimination reactions were performed by adding a mixture of deoxyribonucleotide triphosphates and dideoxyribonucleotide triphosphates to each well. MassEXTEND clean resin was added to the mixture to remove extraneous salts that could interfere with the Maldi-Tof analysis. Genotypes were determined by spotting 15 nL of each reaction onto a 384 Spectro-CHIP array (Sequenom), which was subsequently read by the Maldi-Tof mass spectrometer.
Statistics. Univariate analysis was performed for categorical variables by use of a Pearson x 2 test and for continuous variables by use of a Student t test. Multivariate logistic regression was performed using Stata software (intercooled version 10.1; StataCorp) and adjusted for age groups, sex, and ethnicity when appropriate. Haplotypes were constructed with the program Hapipf in Stata. For each of the NOD2 polymorphisms, statistically significant deviations from the expected genotypic frequencies were determined using the Hardy-Weinberg principle with a P value cutoff of !.001. All SNPs analyzed were in Hardy-Weinberg equilibrium when analyzed in the control group.
Multiple tests comparisons. Thirty-two polymorphisms were genotyped in our study in 3 analyses: ENL versus unaffected, reversal reaction versus unaffected, and leprosy versus control. If we correct for multiple comparisons with a Bonferroni test ( ), then only results for which P ϫ 32 P ! remain statistically significant. However, linkage (Figure 1 ) and suggests that a Bonferroni correction is overly conservative [33] . Because there is no standardized approach for correcting P values for multiple comparisons in candidate gene association studies, we report uncorrected P values throughout the article.
RESULTS

Association of NOD2 SNPs with leprosy acquisition in Nepal.
To determine whether NOD2 polymorphisms are associated with susceptibility to leprosy, we compared allele and genotype frequencies in 933 patients with leprosy and 101 control participants without leprosy. Baseline characteristics of the study participants are listed in Table 1 ). When P ! .001 these genotypes were analyzed with a dominant model, 8 of these SNPs were associated with susceptibility to leprosy ( Table  3) . Six of these SNPs (rs2287185, rs8044354, rs8043770, rs13339578, rs4785225, and rs751271) were clustered in the promoter region and within the NOD2 gene itself. The remaining 2 SNPs (rs12448797 and rs1477176) were located in adjacent genes (SLIC1 and CYLD [ubiquitin carboxyl-terminal hydrolase]).
We next examined whether population admixture could confound our results, because some differences were seen in the ethnic frequencies between the control individuals and the patients with leprosy. There are 18 ethnic groups in Nepal, and 4 groups (Brahmin, Chetri, Tamang, and Newar) represent the majority (∼70%) of the population. We used a multivariate logistic regression model to adjust the analysis for ethnicity ( ). All oth-P p .013 er SNPs showed no association with leprosy type (data not shown).
Association of NOD2 SNPs with reversal reaction in leprosy. Among 933 patients with leprosy in Nepal, 240 individuals experienced a type 1 reversal reaction over a 3-year period of regular visits to the leprosy clinic. Of these 240 patients, only 2 were identified as also having ENL.
We compared the minor allele frequency of patients who experienced reversal reactions with that of patients without reversal reactions and identified 5 SNPs with statistically significant association ( ). The polymorphisms P p .005 were clustered in the gene regions located between the NOD2 and SLIC1 genes (Figure 1) .
We next analyzed the distribution of genotype frequencies (Table 4) . We found 3 polymorphisms with statistically significantly different genotype frequencies (rs2287195, rs8044354, and rs8043770) between patients with reversal reactions and patients with no reversal reaction ( Table 2) . Next, we examined whether these genotypic associations were consistent with a recessive ( vs 11) or dominant (00 vs ) model. 00 + 01 01 + 11 We found that 7 NOD2 polymorphisms had statistically significant associations ( ) with protection from reversal re-P ! .05 action, assuming a dominant inheritance model (Table 3) . Of these 7 SNPs, 2 polymorphisms (rs4785225 and rs752171) were noted to be in statistically significant linkage disequilibrium in this population, with . )
Association of NOD2 SNPs with ENL in leprosy. We next examined whether polymorphisms in the NOD2 gene region were associated with ENL reaction in leprosy. A total of 124 patients who were identified as having ENL were compared with 428 patients who had lepromatous leprosy or borderline lepromatous leprosy without ENL (Table 1) . No statistically significant differences in ethnicity were seen between patients with leprosy who were affected with ENL and those who were not affected with ENL ( ). P p .057 Genotypic analysis revealed that these associations with ENL were statistically significant for 7 of the SNPs (rs2287195, rs8044354, rs7194886, rs6500328, rs17312836, rs1861759, and rs1861758) ( Table 5 ). We also found that 7 polymorphisms were associated with susceptibility in a dominant model ( ). Taken P p .004 together, these data suggest that several NOD2 SNPs are associated with susceptibility to ENL.
Association of NOD2 haplotypes with ENL and reversal reaction. We next constructed haplotypes of the polymorphisms that were statistically significantly associated with reversal reaction or ENL. Ten of the 32 polymorphisms were included in the analysis: rs2287195 (A, 0; G, 1), rs8044354 (A, 0; G, 1), rs8043770 (C, 0; G, 1), rs7194886 (C, 0; T, 1), rs6500328 (A, 0; G, 1), rs17312836 (C, 0; G, 1), rs1861759 (A, 0; C, 1), rs4785225 (C, 0; G, 1), rs751271 (A, 0; C, 1), and rs1861758 (C, 0; T, 1). We determined whether the haplotype frequencies were statistically significantly different in patients who were affected by leprosy reactional states (ENL or reversal reaction). For ENL, we found 1 haplotype (1.1.1.1.1.1.1.1.1.1 ). P p .020 These results suggest that the haplotype analyses did not reveal greater associations than those revealed on examination of single polymorphisms.
Taken together, these results indicate that variations in the NOD2 gene region are associated with increased susceptibility to ENL and, conversely, that they are associated with protection from type 1 reversal reaction in leprosy. No association was observed when comparing polar leprosy types (lepromatous leprosy vs tuberculoid leprosy).
DISCUSSION
In the present study, we used a candidate gene approach to identify an association of the chromosome 16q12 loci with leprosy occurrence and the development of leprosy reactional states in a Nepalese population. We identified several NOD2 polymorphisms that are associated with susceptibility to leprosy in the Nepalese population and thus identified this gene as an important factor in protection against intracellular pathogens. We also found several polymorphisms that are either associated with protection from reversal reaction or associated with increased susceptibility to ENL. To our knowledge, this study is the first to associate variations in the NOD2 region with leprosy reactional states and the first to identify genetic associations with ENL. NOD2 is the third signaling receptor gene to be associated with reversal reaction in leprosy; the other 2, TLR2 and TLR1, are important in the extracellular detection of organisms [16, 34] .
Like many gene association studies, our study may potentially be limited by population admixture and/or type I false-positive errors due to the problem of multiple comparisons. When we adjusted our analysis for ethnicity, the major associations remained statistically significant. For multiple comparisons, there are several possible methods of adjustment. If we used a conservative Bonferroni correction and multiplied the P values by 32 (the number of analyzed SNPs), then only 3 associations would remain statistically significant: the allelic association between rs1477176 and susceptibility to leprosy, and the domi- for the allelic and genotypic analyses. P ! .05 nant genotypic associations of rs1477176 and rs8044354 with susceptibility to leprosy. However, because of linkage disequilibrium in genetic association studies, a strict Bonferroni correction likely is too conservative and may increase type II errors by falsely rejecting associations [33] . Furthermore, we found associations of multiple SNPs with leprosy (8 of 32), reversal reaction (7 of 32), and ENL (7 of 32). The occurrence of multiple SNP associations with these outcomes raises the likelihood that the associations remain statistically significant after adjusting for multiple comparisons. Although these data are suggestive of an association between this gene region and leprosy reactive states, these findings will ultimately need to be verified in a different population.
There are several possible mechanisms by which NOD2 polymorphisms may influence the development of reactive states. Reversal reaction and ENL are immunological and inflammatory states of leprosy that represent augmented Th1 (reversal reaction) or increased Th2 and tumor necrosis factor a (ENL) responses that occur during the course of disease or even years after treatment [35] [36] [37] . In animal studies and ex vivo experiments, NOD2 stimulation has been shown to augment both Th1-dependent and Th2-dependent responses [38, 39] . Therefore NOD2 may augment Th1 or Th2 responses by direct recognition of M. leprae antigens. Interestingly, M. leprae contains a unique peptidoglycan structure, which may stimulate NOD2 differently and contribute to the unusual immunological features of leprosy reactions [40] . In addition, others studies have also shown that NOD2 inhibits TLR2-mediated Th1 responses [41, 42] , and we have reported that stimulation of TLR2 and/ or TLR1 is associated with leprosy reversal reaction [16, 43] . Therefore, one effect of NOD2 may be through inhibition of TLR2 signaling.
The polymorphisms examined in this study were clustered in the chromosomal region 16q12 near NOD2 and 2 other immunologically important genes, SLIC1 and CYLD [44] . SLIC1 may be important in the regulation of P-selection glycoprotein ligand 1, a protein involved with macrophage-mediated recruitment of myeloid and activated lymphocytes to tissues [45] . In addition, negative regulation of the immune system by CYLD may be important in pneumonia models [46] . The polymorphisms described herein that are associated with ENL and reversal reaction tended to cluster in the region between SLIC1 and NOD2, which suggests that these polymorphisms may influence the expression of either the SLIC1 or NOD2 genes. Additional functional studies need to be performed to determine exactly which gene (SLIC1, NOD2, or CYLD) is associated with leprosy reactional states.
Several genetic studies have identified the association of NOD2 mutations with Crohn disease and Blau disease [24, 25, 47] , which are both characterized by altered inflammatory states with granulomatous pathology. However, the association of NOD2 mutations or polymorphisms with infection has not been well studied. A mutation associated with Crohn disease (the NOD2-3020insC allele) has been linked to sepsis in infants of very low birth weight [48] . In addition, nonsynonomous NOD2 polymorphisms have been associated with active tuberculosis in a cohort of African Americans in Houston [28] . These nonsynonomous SNPs were not included in our study because of their absence in the Asian populations in the HapMap database. Moreover, 2 previous studies found no association between NOD2 polymorphisms and tuberculosis [49, 50] . Although the results of our study suggest an association between NOD2 variation and susceptibility to M. leprae infection, the functional effect of these SNPs on NOD2 signaling is currently not known.
